Research on biochar has increased, but its long-term effect on the fertility of temperate agricultural soil remains unclear. In Wallonia, Belgium, pre-industrial charcoal production affected former forested areas that were cleared for cultivation in the nineteenth century. The sites of traditional charcoal kilns, largely enriched in charcoal residues, are similar to soil amended with hardwood biochar more than 150 years ago. We sampled 17 charcoal kiln sites to characterize their effect on soil properties compared with adjacent reference soils. Charcoal-C content was estimated by differential scanning calorimetry. The kiln soil contains from 1.8 to 33.1 g kg −1 of charcoal-C, which markedly increases organic C:N and C:P ratios. It also contains slightly more uncharred soil organic carbon (SOC) than the reference soil, which accords with larger total N content. We measured a small increase in nitrates in the kiln soil that might relate to greater mineralization and nitrification of organic N. Frequent application of lime raised the pH to values close to neutral, which offset the residual effect of charcoal production on soil acidity. A cation exchange capacity (CEC) of 414 cmol c kg −1 was estimated for charcoal-C, whereas that of uncharred SOC was 213 cmol c kg −1 . Despite the large CEC of the kiln soil, exchangeable K + content was no different from the adjacent soil, whereas exchangeable Ca 2+ and Mg 2+ contents were considerably larger. Charcoal enrichment has little effect on available, inorganic and total P, but it can form strong complexes with Cu, which reduces the availability of the metal. Biochar is very persistent in soil; therefore, long-term implications should not be overlooked.
Summary
Research on biochar has increased, but its long-term effect on the fertility of temperate agricultural soil remains unclear. In Wallonia, Belgium, pre-industrial charcoal production affected former forested areas that were cleared for cultivation in the nineteenth century. The sites of traditional charcoal kilns, largely enriched in charcoal residues, are similar to soil amended with hardwood biochar more than 150 years ago. We sampled 17 charcoal kiln sites to characterize their effect on soil properties compared with adjacent reference soils. Charcoal-C content was estimated by differential scanning calorimetry. The kiln soil contains from 1.8 to 33.1 g kg −1 of charcoal-C, which markedly increases organic C:N and C:P ratios. It also contains slightly more uncharred soil organic carbon (SOC) than the reference soil, which accords with larger total N content. We measured a small increase in nitrates in the kiln soil that might relate to greater mineralization and nitrification of organic N. Frequent application of lime raised the pH to values close to neutral, which offset the residual effect of charcoal production on soil acidity. A cation exchange capacity (CEC) of 414 cmol c kg −1 was estimated for charcoal-C, whereas that of uncharred SOC was 213 cmol c kg −1 . Despite the large CEC of the kiln soil, exchangeable K + content was no different from the adjacent soil, whereas exchangeable Ca 2+ and Mg 2+ contents were considerably larger. Charcoal enrichment has little effect on available, inorganic and total P, but it can form strong complexes with Cu, which reduces the availability of the metal. Biochar is very persistent in soil; therefore, long-term implications should not be overlooked.
Introduction
Biochar is the solid residue of the pyrolysis of biomass produced intentionally to amend soil. In the context of mitigating the effects of climate change, biochar can increase soil carbon sequestration production (Jeffery et al., 2011; Biederman & Harpole, 2013) ; however, the effect varies greatly depending on soil conditions (Jeffery et al., 2011; Biederman & Harpole, 2013) and quality of the biochar (Jeffery et al., 2011; Biederman & Harpole, 2013) . Although biochar application to soil may decrease crop productivity in some circumstances, acidic to neutral soil with coarse to medium texture generally benefits from biochar amendment (Jeffery et al., 2011) . This supports the idea that biochar's liming effect and water-holding capacity are the main factors in improving soil fertility. Yields of crops grown on soil with small organic carbon (OC) content and cation exchange capacity (CEC) also respond positively to amendment with biochar (Crane-Droesch et al., 2013) .
Although there is a better understanding of the short-term effects of biochar application to soil, the mid-to long-term effects are still largely unknown because of the lack of long-term trials. Biochar is very persistent in soil (Singh et al., 2012) , and its properties change over time (Lehmann et al., 2005; Cheng et al., 2006) . Therefore, its long-term effect on soil properties needs further investigation. Research on historical charcoal deposits in anthropogenic dark earths (e.g. Lehmann et al., 2003; Solomon et al., 2007b; Glaser & Birk, 2012) , pre-industrial charcoal kilns (e.g. Mikan & Abrams, 1995; Criscuoli et al., 2014; Hardy et al., 2016) or anthropogenic oven mounds (Downie et al., 2011) has partly filled this gap in knowledge. Nevertheless, data on the long-term effect of biochar on the fertility of soil under intensive agriculture are limited, even though applications of biochar are mainly to agricultural soil. Cultivation might affect biochar and its effect on soil properties by the mechanical action of tillage and the use of fertilizers. Therefore, the long-term effect of biochar on agricultural soil fertility needs to be clarified.
In Wallonia, southern Belgium, charcoal was the main source of energy in the smelting industry until the early nineteenth century (Hardy & Dufey, 2012) . Charcoal was produced in the forest with traditional earthmound kilns. To heat wood in an oxygen-limited atmosphere and generate pyrolysis, logs were stacked into a mound and covered with vegetation residues and soil before igniting (Lepoivre & Septembre, 1941; Schenkel et al., 1998) . This method chars the wood at between 400 and 450 ∘ C (Emrich, 1985) . Charcoal production reached a peak in the late eighteenth century, together with charcoal-based smelting. It declined in the first half of the nineteenth century and ceased around 1860, when charcoal was substituted completely by coke in the smelting industry (Evrard, 1956) . Most of the former charcoal kiln sites of Wallonia have remained under forest, where they form domes of a few decimeters in height and are around 10 m in diameter, and the topsoil is enriched in charcoal residues (Hardy et al., 2016) . However, part of the former forested area was cleared for cultivation (Kervyn et al., 2014) , mainly in the second half of the nineteenth century. On bare agricultural soil, the kiln sites are charcoal-rich circular or elliptical spots of 15-40 m in diameter that have been diluted by repeated tillage over time (Figure 1 ).
To our knowledge, soil properties of pre-industrial charcoal kiln sites have been studied exclusively in forest, probably because their occurrence in agricultural soil is rare. These sites, which are soil patches contaminated with charcoal because of in situ fuel production in the past, contrast with Amazonian terra preta soil that has been enriched purposely with fire residues and also organic and inorganic waste to enhance soil fertility of strongly weathered tropical soil (Glaser & Birk, 2012) . Pre-industrial charcoal kiln sites also differ from biochar application to soil because in situ pyrolysis disturbed the soil not only by the accumulation of charcoal residues, but also by site preparation and heating (Mikan & Abrams, 1995; Hardy et al., 2016) . Nevertheless, in agricultural soil, repeated tillage has obliterated the relief of the sites and reduced the effects of charcoal production on topsoil structure. No clear effects on texture ( Figure S1 ) and clay mineralogy ( Figure S2 ) were detected; therefore, charcoal enrichment appears to be the most persistent consequence of charcoal production. Consequently, former charcoal kiln sites in the agricultural soil of Wallonia are natural models to evaluate the long-term effect (> 150 years) of hardwood biochar on agricultural soil properties in a temperate climate.
Material and methods

Study sites and sampling
Based on historical maps, we identified former forested areas in Wallonia that had been cleared after the period of charcoal production (Kervyn et al., 2014) . According to the digital soil map of Wallonia, these are located mainly on poorly drained silt loam Luvisols. In these areas, the altitude ranges between 75 and 300 m above sea level. The climate is oceanic cold temperate, with mean annual temperatures between 8.9 and 10.4 ∘ C and mean annual rainfall of between 859 and 1179 mm. From the eighteenth century, the forest grown for charcoal production was coppiced woodland of short rotation that was clear-cut every 20 years or less (Goblet d'Aviella, 1927) . The natural vegetation was dominated by oak (Quercus robur L.) with mostly hornbeam (Carpinus betulus L.) in the understorey. Therefore, we assume that oak and hornbean were the main tree species used for charcoal production at our study sites. We identified fields that included former charcoal kiln sites by photo-interpretation of high spatial resolution aerial photographs and satellite imagery (Figure 1b) . We selected 17 fields randomly, and in each we sampled the topsoil (0-25 cm) and subsoil (35-50 cm) of one charcoal kiln site with a gouge auger. Each sample was bulked from 20 cores taken within a radius of 2 m from the centre of the kiln site. We sampled the adjacent soil similarly, from opposite sides of the kiln (10 cores from each side), as reference samples of soil unaffected by charcoal production. Soil types of the reference soil include Haplic Luvisol (15 sites), Eutric Cambisol (one site) or Colluvic Regosol (one site) according to the World Reference Base (WRB) 2014 classification (IUSS Working Group WRB, 2014) ( Table 1 ). The particle-size analysis of topsoil (USDA texture; IUSS Working Group WRB, 2014) indicated that the texture is silt loam at 15 sites and loam at two sites.
Physicochemical analyses
All samples were dried at 40 ∘ C, gently ground and sieved to 2 mm. The < 2-mm fraction was analysed. Soil pH was measured in demineralized water (pH-H 2 O) and in a 1 m KCl solution (pH-KCl) with a 1:5 soil : solution mass ratio. Elemental C and N contents were measured by dry combustion (vario MAX, © Elementar, Earth and Life Institute, UCL, Louvain-la-Neuve, Belgium). The inorganic C content was measured by the modified-pressure calcimeter method on finely ground subsamples (< 200 μm) (Sherrod et al., 2002) . Inorganic C content was null or below the detection limit (< 0.2 g kg −1 ). Therefore, total C was considered to correspond exclusively to organic C (OC) and includes charcoal-C. We measured the potential CEC by percolation of 1 m ammonium acetate (naturally buffered at pH 7) on soil columns (Metson, 1956) . Ammonium was desorbed with a 1.33 m KCl solution and measured by colorimetry (ISO7150/1). Available Ca, Mg, K, Na, P, Cu and Zn were extracted with a 0.5 m ammonium acetate-0.02 m ethylenediaminetetraacetic acid (EDTA) solution at pH 4.65 with a 1:5 soil : solution mass ratio (Lakanen & Erviö, 1971) and measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, © Thermo, Earth and Life Institute, UCL). In the absence of carbonates, the extracted Ca, Mg, K and Na correspond to exchangeable cations (Cottenie et al., 1975; Hardy et al., 2016) . We calculated the base saturation of the soil as the ratio between the sum of exchangeable Ca 2+ , Mg 2+ , K + and Na + and the CEC. We determined organic P as the difference between the P content extracted with 0.5 m H 2 SO 4 before and after calcination of the soil at 550 ∘ C (Van Ranst et al., 1999) . To measure the total concentrations of P, Cu and Zn, subsamples of soil were ground mechanically to a powder and were digested with a mixture of three concentrated acids (HF, HNO 3 and HClO 4 ), dissolved in aqua regia and analysed by ICP-AES (Lambrechts et al., 2011) . Inorganic P was calculated as the difference between total and organic P. All results are expressed per mass of dry soil (105 ∘ C).
Inorganic N was measured on fresh samples from four fields sampled on 7 and 21 November 2013. Sampling, analysis and results are given in Figure S3 .
Quantification of charcoal-C
In the topsoil (0-25 cm), charcoal-C content was estimated by differential scanning calorimetry (DSC). Between 15 and 25 mg of soil ground to powder were scanned with a DSC 100 (© TA Instruments, Agroscope, Zürich, Switzerland) under a flow of 50 ml minute −1 synthetic air from room temperature to 600 ∘ C, at a heating rate of 10 ∘ C minute −1 (Leifeld, 2007) . In our soil samples, regression of total heat of reaction against OC content gives a large coefficient of determination (R 2 > 0.96), which indicates that combustion of uncharred soil organic matter (SOM) and charcoal are the main sources of the heat fluxes recorded by DSC. The reference soil has a constant DSC pattern, with a main exotherm at 321.7 (4.8) ∘ C (mean (SD)) related to the combustion of natural organic matter (Figure 2a ). Charcoal-rich soil also has a characteristic signature, with three exotherms at 376.2 (6.1), 421.6 (3.0) and 511.5 (7.5) ∘ C, attributed to the combustion of charcoal (Figure 2a ). Peak height increases linearly with OC content (Leifeld, 2007) ; therefore, we formulated an index based on the sum of heights of the three peaks from the combustion of charcoal relative to that from the combustion of natural SOM, multiplied by three (Figure 2c ). To calibrate the relation between this index and charcoal-C content in soil, we extracted charcoal from the soil of one of the kiln sites and made standard additions of this charcoal to an organo-mineral soil that was initially free of charcoal ( Figure 2b ). We obtained a root mean square error (RMSE) of prediction of 1.39% by mathematical simulation of soil-charcoal mixtures (n = 20) over a large range of charcoal-C concentrations, based on the DSC pattern of ten pre-industrial charcoals extracted Figure 2 (a) Typical pattern of heat release of kiln soil and adjacent reference soil measured by differential scanning calorimetry (DSC), and that of pure charcoal particles extracted from kiln soil, (b) DSC thermograms of an organo-mineral soil with standard additions of charcoal, from 0 to 45 g kg −1 of charcoal-C, and (c) relation between the fraction of charcoal-C (charcoal-C/organic carbon (OC)) and index (p1 + p2 + p3)/(p1 + p2 + p3 + 3p0) based on the height of DSC peaks (p), calibrated from a standard addition experiment. Cumulated height of peaks attributed to charcoal (p1 + p2 + p3) is a substitute for charcoal-C, whereas p1 + p2 + p3 + 3p0 is an indicator of total OC content (R 2 = 0.98) from different kiln sites. Uncharred soil organic carbon (SOC) content was calculated as the difference between total OC content and charcoal-C content.
Data analysis
Differences between the properties of kiln and reference soils were tested with two-sided paired t-tests in R 3.2.2 (R Core Team, 2012) . Data from the topsoil and from the subsoil were analysed separately. For each variable, the statistical distribution of the differences between pairs (a pair is a kiln soil and the adjacent reference soil) was examined with histograms. No clear deviation from normality was detected.
To estimate the contribution of charcoal and uncharred SOC to the CEC of the soil of pre-industrial kiln sites, we fitted a linear model to predict the CEC of soil based on clay, charcoal-C and uncharred SOC contents. We assumed that the latter are the main factors that control the CEC of our soil. We set the CEC of clay to 42.6 cmol c kg −1 based on data from charcoal-free forest Luvisols (Hardy et al., 2016) , which are the forest equivalent of the agricultural soil of this study. Data were analysed in R 3.2.2 (R Core Team, 2012).
Results
The raw data of topsoil properties are available in Supporting Information (File S1). In the topsoil, total OC content (corresponding to the sum of charcoal-C and uncharred SOC) ranges from 10.1 to 26.4 g kg −1 in the reference soil and from 14.3 to 64.4 g kg
in kiln soil (Figure 3a) . Although reference soils are supposed to be unaffected by charcoal production, small amounts of charcoal-C were detected in the topsoil of most of them, from 0 to 2.6 g kg −1 . This corresponds to 5.3% of total OC on average. In contrast, the topsoil of pre-industrial charcoal kiln sites is enriched strongly with charcoal. It contains from 1.8 to 33.1 g kg −1 of charcoal-C, which corresponds to 39.2% of total OC on average and up to 51.4%. The content of charcoal-C in the topsoil of the kiln site is strongly correlated with the excess of OC (ΔOC) that accumulated in the kiln soil relative to the adjacent reference soil (Figure 4a ). Accordingly, there is a strong correlation (r = 0.93) between uncharred SOC content of the reference topsoil and that of the kiln topsoil (Figure 4b ). Nevertheless, uncharred SOC content of the latter is 22.4 (14.2)% larger on average (P < 0.001). Together with the overall enrichment in total OC content, total N content (Figure 3b) , C:N ratio (Figure 3c ), C:P ratio (Figure 3d ) and CEC (Figure 3h ) are considerably larger in the topsoil of the kiln sites than in the reference soil. The increase in CEC is strongly related to the increase in OC content (Figure 5a) , and is mainly attributed to the enrichment in charcoal-C (Figure 5b ). The best fitting linear model predicted a CEC for uncharred SOC of 213 and of 414 cmol c kg −1 for charcoal-C (Table 2) . Together with larger CEC, concentrations of exchangeable Ca 2+ , Mg 2+ and Na + are also larger in the kiln soil than in the reference soil, whereas that of exchangeable K + is not different (Figure 3i-l) . In spite of the larger concentrations of exchangeable cations, base saturation is significantly smaller in the kiln topsoil (Figure 3g ). In particular, charcoal-rich soil is less saturated in K + than the reference topsoil (−32.6%) (Figure 6c ). The saturation of Mg 2+ ( Figure 6b ) and Na + (Figure 6d ) is also clearly less, but to a smaller extent. Although the pH-H 2 O is close to neutral in both the kiln and the reference soil (Figure 3e) , it is slightly lower at the kiln sites, which accords with the smaller base saturation. Total and organic P concentrations are slightly larger in the kiln soil, in contrast to inorganic and available P content, which are not affected significantly (Figure 3m-p) . The kiln soil is enriched in total Cu and Zn (Figure 3q,s) . This leads to greater plant availability of Zn (Figure 3t ), but not of Cu ( Figure 3r) ; we calculated a decrease in Cu availability of −20.7 (9.8)% (P < 0.001) in the kiln soil relative to the reference soil. In the four fields sampled in November 2013, the N-NO 3 − concentration measured at the kiln sites was larger 
R). The P-values refer to two-sided paired t-tests.
The mean relative variation caused by the charcoal kiln as a percentage of the value in the reference soil is indicated on the graph: (a) organic carbon (OC), (b) total nitrogen (N), (c) C:N ratio, (d) C:P ratio (ratio between OC and organic phosphorus), (e) pH measured in water (pH-H 2 O), (f) pH measured in KCl (pH-KCl), (g) base saturation (BS), (h) cation exchange capacity (CEC), (i) exchangeable calcium (Ca 2+ ), (j) exchangeable magnesium (Mg 2+ ), (k) exchangeable potassium (K + ), (l) exchangeable sodium (Na + ), (m) total phosphorus (P tot.), (n) organic phosphorus (P org.), (o) inorganic phosphorus (P inorg.), (p) available phosphorus (P av.), (q) total copper (Cu tot.), (r) available copper (Cu av.), (s) total zinc (Zn tot.) and (t) available zinc (Zn av.). (+21.6%; P < 0.001) than that in the reference soil ( Figure S3 ). The N-NH 4 + concentration was below the limit of detection in both the kiln and the reference soil.
Most of the effects observed in the topsoil of the kiln sites disappear or are attenuated in the subsoil ( Figure S4) . Nevertheless, the C:N ratio, the CEC and the concentration of exchangeable Na + remain significantly larger in the subsoil of the kiln site than in that of the reference soil, and both pH-H 2 O and pH-KCl remain significantly smaller ( Figure S4) . Remarkably, the concentration of exchangeable K + is 8.8% larger in the subsoil of the kiln sites than in the reference subsoil (P = 0.02) ( Figure S4 ), whereas no difference was recorded in the topsoil.
Discussion
Charcoal-C, uncharred soil organic carbon and nitrogen
Kiln and reference soil from the same field have been subjected to identical soil and climatic conditions and management practices since charcoal was last produced. Therefore, the content of uncharred SOC in the kiln soil is closely related to that of adjacent reference soil (Figure 4b) , and the excess of OC recorded in the kiln relative to the adjacent reference soil corresponds mainly to charcoal-C (Figure 4a ). Nevertheless, we measured a small but significant increase in uncharred SOC in the kiln soil. A greater accumulation of uncharred organic matter related to charcoal or biochar enrichment was also reported by earlier studies (e.g. Liang et al., 2010; Hernandez-Soriano et al., 2015) , possibly because of adsorption of dissolved organic molecules on to the surface of charcoal (Pignatello et al., 2006) or from greater biomass productivity in the presence of charcoal (Jeffery et al., 2011) , which might have increased the return of organic matter to soil. We attribute the presence of small amounts of charcoal in the reference soil, which was confirmed by microscopic inspection, to contamination from The CEC of clay was fixed at 42.6 cmol c kg −1 .
Figure 6
Ratios between exchangeable Ca 2+ , Mg 2+ , K + and Na + and cation exchange capacity (CEC) (Ca/CEC, Mg/CEC, K/CEC and Na/CEC) in the topsoil (0-25 cm) of charcoal kiln sites (K) plotted against those in the reference (R) topsoil. The P-values refer to two-sided paired t-tests. the kiln site, or from burning that generally followed deforestation when land was converted from forest to agricultural land in the past (Hoyois, 1953) . The small but systematic increase in total N content of the kiln soil (Figure 3b ) is probably related to the larger amount of uncharred organic matter, even though 'black N' in the molecular structure of charcoal (Knicker, 2010) may contribute to N storage. The larger content of N-NO 3 − in the kiln soil ( Figure S3 ) might result, in all or in part, from more mineralization and nitrification of organic N during the intercropping period before samples were taken, when plant uptake is not occurring. Other possible explanations, such as smaller losses of N-NO 3 − by leaching or denitrification in the presence of charcoal, are less likely. Regardless of the process that underlies the enrichment in nitrate, this result supports a positive effect of charcoal on the long-term availability of N in soil, whereas short-term mineralization of the N-poor, labile fraction of hardwood charcoal might cause N immobilization (Ameloot et al., 2015) . The large C:N ratio in the kiln soil (Figure 3c ) emphasizes the presence of charcoal because the composition of char is closely related to that of the parent feedstock.
Over time, natural carbon stocks decrease with cultivation because the kinetics of mineralization of labile SOM are faster than for forest soil (Solomon et al., 2007a) . The variability in uncharred SOC content of the reference soil relates mainly to differences in the history of cultivation because soil and climatic conditions are comparable at all sites. Whether or not the mineralization of charcoal is accelerated by cultivation cannot be answered from the results of the present study because lateral dilution of the site by repeated tillage over time masks other possible effects of cultivation on charcoal-C content. Nevertheless, the effects of cultivation on the rates of long-term mineralization and residence time of charcoal in soil should be addressed in future research to enable better prediction of the mid-to long-term storage of carbon in relation to biochar application to soil.
Soil acidity
In acidic forest soil, cations provided by wood ash are leached to the subsoil through the natural soil acidification process, which desaturates the topsoil of the kiln more than 150 years after abandonment of the site (Hardy et al., 2016) . Consequently, soil pH decreases strongly, but remains slightly higher than in the adjacent reference soil (Mikan & Abrams, 1995; Criscuoli et al., 2014; Hardy et al., 2016) . At low pH values, carboxylate (the conjugate base of carboxylic acid) present on the surface of charcoal (Lehmann et al., 2005) buffers acidity through association with protons (H + ), which contributes to maintaining a slight increase in pH in the long term in forest soil.
In the agricultural soil of this study, frequent applications of lime have decreased the acidity of both kiln and reference soils to pH values close to neutral and base saturation close to 100%. These amendments have masked the residual liming effect of ash. The kiln soil is even slightly more acidic than the reference soil, with significantly smaller pH-H 2 O and base saturation. This is possibly a result of an excess of variable charges from acidic functions on the surface of charcoal. Consequently, more lime is required in the kiln soil to reach the same base saturation as in adjacent reference soil. Larger rates of nitrification, suggested by the enrichment of N-NO 3 − , might also decrease the pH of the kiln soil. This result indicates that the benefit of hardwood biochar related to the liming effect from ash is short-lived and becomes less important in soil that is regularly limed. By comparison, the abandoned charcoal kilns of Wallonia have no effect on the acidity of calcareous Cambisols in forest because natural carbonates buffer soil pH at values close to neutral (Hardy et al., 2016) . In general, hardwood biochar contains less than 15% ash (Camps-Arbestain et al., 2015) . If we consider that wood ash has a CaCO 3 equivalence of 500 g kg −1 on average (Ohno, 1992) , soil amendment with 40 t ha −1 of biochar corresponds to an application of CaCO 3 of about 3 t ha −1 or less, which is similar to the amount of lime needed during a 3-year rotation in agricultural soil of Wallonia. This illustrates that persistence of the liming effect of ash is short compared with that of charcoal, which persists in the soil on centennial timescales (Singh et al., 2012) .
Cation exchange capacity (CEC)
Fresh biochars have a small CEC that ranges in general from 2 to 60 cmol c kg −1 (Ippolito et al., 2015) . In contrast, we calculated a CEC of 414 cmol c kg −1 per unit of charcoal-C in the topsoil of pre-industrial charcoal kiln sites, which is about twice the CEC of 213 cmol c kg −1 obtained for uncharred SOC. This result accords with the large CEC per unit of OC in terra preta soil, up to three times larger than that in adjacent soil (Glaser & Birk, 2012) . The large CEC of aged charcoal has been attributed to the large negative charge on the surface of charcoal particles (Cheng et al., 2008) related to carboxylic and, to a lesser extent, phenolic groups formed predominantly by abiotic oxidation over time (Lehmann et al., 2005) , and also to the adsorption of natural organic matter on the surface of charcoal particles (Cheng et al., 2006; Pignatello et al., 2006) . These weak acidic functional groups are partly deprotonated at the range of pH in soil, which enhances cation exchange capacity. The large specific surface area of charcoal might explain the larger charge per unit of OC compared with that of uncharred organic matter (Liang et al., 2006) .
Exchangeable cations
In agricultural soil, the larger exchangeable Ca 2+ , Mg 2+ and Na + concentrations in the topsoil of the kiln sites accord with the larger CEC values. These cations have been provided mostly by amendments with lime and fertilizers from farming that started after abandonment of the kiln sites rather than by ash from charcoal because the topsoil of the kiln is clearly desaturated after > 150 years of natural acidification under forest (Hardy et al., 2016) . In contrast, the fact that the concentration of exchangeable K + remained unchanged in the topsoil of the kiln, but has increased slightly in the kiln subsoil suggests that exchangeable K + is preferentially leached from the charcoal-rich soil. In contrast to other exchangeable cations, in particular Ca 2+ , exchangeable K + has a weak affinity for the carboxylic groups of aged charcoal (Hardy et al., 2016) . Retention of exchangeable K + is promoted by specific retention sites in the interlayer space of some clay minerals. Most terra preta soil is enriched largely with Ca 2+ and other nutrients, but not K + (Lehmann et al., 2003; Falcão et al., 2009) , which accords with our result. The small affinity of charcoal for K + has been observed in long-term surveys only because directly after biochar application to soil, available K + content increases systematically (Biederman & Harpole, 2013) by dissolution of potassium oxides from ash.
The presence of aged charcoal in Amazonian terra preta soil enhances the CEC markedly and plays a major role in preventing cations from leaching and in maintaining soil fertility (Glaser & Birk, 2012) . This is important because terra preta soil occurs mainly on strongly weathered tropical Ferralsols (Glaser & Birk, 2012 ) that have a weak permanent negative charge (Uehara & Gillman, 1981) . However, the small adsorption of K + on aged charcoal coupled with the relative enrichment in other cations such as Ca 2+ and Mg 2+ suggests that K (induced) deficiency might appear in the long term in biochar-rich soil with little K supply (Falcão et al., 2009) . Induced deficiency in K is unlikely in temperate soils because most have a permanent negative charge related to 2:1 clay minerals, which promotes K + adsorption on specific retention sites and supplies bioavailable K through hydrolysis of these 2:1 minerals.
Availability of P, Cu and Zn
Wood ash may contain available P in the form of soluble orthophosphate (Certini, 2005) and can enhance the availability of P in soil by increasing soil pH. Nevertheless, neither available nor inorganic P concentrations are significantly affected by charcoal enrichment in the pre-industrial kiln sites of this study. This supports the view that the input of P from ash is relatively small compared with the concentration of inorganic P naturally present in soil or provided by fertilizers. Moreover, as charcoal has a limited effect on soil acidity after > 150 years in agricultural soil, its effect on P solubility is limited. Nevertheless, total and organic P concentrations are significantly larger in the kiln than in the reference soil. This probably relates to organic P in charcoal particles that is unavailable to plants. The large organic C:P ratio of the kiln soil confirms that hardwood charcoal is relatively poor in P, whereas biochar from P-rich feedstock releases considerable amounts of bio-available P (Novak et al., 2014) . The limited effect of charcoal enrichment on P concentration in our soils suggests that the large, long-lasting stock of available P measured in most terra preta soil (Glaser & Birk, 2012) is related to enrichment by P-rich (in)organic waste such as bones, rather than the introduction of fire residues or biochar.
Kiln sites were used repeatedly for charcoal production every 20 years on average (Hardy & Dufey, 2012) ; therefore, the soil was enriched in trace metals such as Cu and Zn contained in the biomass that was accumulated and pyrolysed at the kiln site (Figure 3q,s) . The decrease in availability of Cu in the presence of charcoal arises from the strong complexing effect of surface functional groups of charcoal on Cu, which can still be accentuated by ageing (Cheng et al., 2014) . It is not known whether a large accumulation of aged charcoal could cause plants to be deficient in Cu; this question should be addressed in future research on biochar.
Conclusion
After > 150 years, the topsoil of pre-industrial charcoal kiln sites is still enriched largely with charcoal-C, by up to 33.1 g kg −1 . It also contains slightly more uncharred SOC than the adjacent reference soil. We measured an increase in N-NO 3 − in the kiln soil, which might have resulted from more mineralization and nitrification associated with a surplus of organic N. Our results also showed that aged charcoal has a large CEC, estimated to be 414 cmol c kg −1 per unit of C, which is about twice the CEC of uncharred SOM.
Hence, charcoal affects the balance of some nutrients in soil. It promotes the retention of exchangeable Ca 2+ and Mg 2+ , which have larger concentrations in the kiln soil than reference soil, but not that of exchangeable K + , which remains unchanged because of a poor affinity for the exchange complex of charcoal. Charcoal forms strong complexes with Cu, which reduces its availability by 20.7% in the kiln soil.
To our knowledge, the effect of pre-industrial charcoal kilns on plant growth and crop yield has not been reported in the literature so far. Therefore, further investigation of plant growth at these sites would be of great interest to assess the long-term benefits and issues associated with the introduction of biochar to temperate soil under intensive cultivation.
Supporting Information
The following supporting information is available in the online version of this article: Figure S1 . Textural analysis of agricultural topsoil of the kiln plotted against that of the reference soil: (a) clay, (b) silt and (c) sand. Figure S2 . The X-Ray spectra of the clay fraction of topsoil samples from a subset of paired charcoal kiln sites and reference soils: (a) site 7, (b) site 8 and (c) site 9. The arrows indicate the interplanar spacing corresponding to each peak, in Angström (Å). Figure S3 . Agricultural land, the concentration of N-NO 3 − in the kiln soil plotted against that in the reference soil of four agricultural plots sampled in the intercropping period before winter; The crops preceding the sampling were colza (Brassica napus L.), sugar beet (Beta vulgaris L.), chicory (Cichorium intybus L.) and wheat (Triticum aestivum L.): (a) topsoil (0-30 cm) and (b) subsoil (30-60 cm). Figure S4 . Subsoil properties of the kiln site plotted against that of the reference soil. The P-values refer to two-sided paired t-tests. The mean relative variation caused by the charcoal kiln as a percentage of the value in the reference soil is indicated on the graph; (a) organic carbon (OC), (b) total nitrogen (N)' (c) organic C:N ratio (C:N)' (d) Cation exchange capacity (CEC), (e) pH measured in water (pH-H 2 O), (f) pH measured in KCl (pH-KCl), (g) Available phosphorus (P av.), (h) base saturation (BS), (i) exchangeable calcium (Ca 2+ ), (j) exchangeable magnesium (Mg 2+ ), (k) exchangeable potassium (K + ) and (l) exchangeable sodium (Na + ). File S1. Data Set.
